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icro-CT for Characterization of
urine CV Disease Models
t can hardly be argued that cardiac imaging methodologies
argeting small-animal models have been crucial for rapidly
ransitioning therapies from bench to bedside. The adaptation
f ultrasound for imaging murine hearts, for example, has
llowed characterization of the developing and adult rodent
eart, making it an essential tool for the study of developmen-
al biology and cardiovascular disease. Nevertheless, additional
maging tools may prove useful adjuncts and/or alternatives to
uch established traditional modalities.
Ideally, a cardiovascular imaging modality should provide
tructural–functional quantitation and be noninvasive, fast,
ost effective, precise, and accurate. Although the combination
f echocardiography and small-animal cardiac magnetic reso-
ance has been proven to meet several of these criteria, there
s certainly room for other modalities to be used as well. At our
nstitution, experimentation with a micro–computed tomog-
Figure 1. Gated Micro-CT Provides Insight Into MI–Induced Cardiac R
(A) End-diastolic (top row) and end-systolic (bottom row) images of a no
dered surface of blood volume, sagittal, axial, and coronal views. (B) Simi
descending artery (LAD) ligation (scale bar  5 mm in both panels), show
increasing left ventricular (LV) diastolic volume (LVDV) over time after my
sham-operated group. (D) Similarly, left ventricular systolic volume (LVSV)
dilated cardiomyopathy with a signiﬁcant loss of left ventricular ejection
mean  SE. *p  0.05 compared with sham group by repeated-measures
MI  myocardial infarction; RA  right artrium; RV  right ventricle.aphy (CT) scanner eventually produced contrast-enhanced,
igh-resolution 3-dimensional imaging of the murine heart
nd associated structures. Indeed, early success with CT
maging of murine hearts has also been described in limited
etail by other investigators (1,2), but, to our knowledge, a
alidation of this technique by direct comparison with multiple
stablished methodologies has not been described. Hence, we
resent the first study aimed to directly compare this novel
maging modality with both conventional echocardiography
nd conductance catheter (CC) measurement techniques using
n established murine model of ischemic heart disease. Spe-
ifically, we have tested the hypothesis that micro-CT can
rovide reliable information about ventricular structure and
unction after surgical left anterior descending artery (LAD)
igation–induced myocardial infarction (MI) in mice.
We randomized adult (8 to 10 weeks old) female FVB mice
n  19) to surgical LAD ligation or sham procedure. Dual
ardiac and respiratory–gated, intravenous contrast–enhanced
20 l/g Fenestra VC, ART Inc., Montreal, Canada) CT scans
ere performed pre-operatively and at 4, 8, and 12 weeks
ost-procedure using the eXplore Locus RS150 MicroCT (GE
ealthcare, Fairfield, Connecticut). Scans were performed with a
deling
l mouse heart with chambers labeled in yellow. From left to right: ren-
eries of images from the same animal 12 weeks after left anterior
clear signs of negative remodeling. (C) Graphic representation of
dial infarction (MI) as compared with relatively stable volumes in the
reased due to loss of cardiac muscle after infarction. (E) MI led to
ion (LVEF) as early as 1 month after LAD ligation (bars represent
analysis of variance). CT  computed tomography; LA  left atrium;emo
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Letters to the Editor7840-kVp, 40-mAmp X-ray source, acquiring 286 views over 200°,
veraging 2 frames per view, 4  4 binning on the charge-coupled
evice detector. The heart was centered in a 46.25-mm axial field of
iew (84.7 mm transaxial field of view), and subregions of the scanned
ata were reconstructed at an isotropic resolution of 97.3 m. End-
iastolic and end-systolic images were prospectively acquired with a
emporal resolution of 15 ms by gating on electrocardiographic P- and
=-waves, respectively (see Online Figs. 1A and 1B for animal setup
nd gating reference). Continual imaging of the cardiac cycle (at 10- to
5-ms intervals) was also conducted for a representative animal at each
ime point (Online Fig. 2 shows continuous imaging of a control
nimal). Post-acquisition analysis was performed using GE image
nalysis software (Online Figs. 1C to 1F). All operators obtaining and
nalyzing the CT scans were able to obtain measurements with
inimal variability (0.5% to 4.0%, data not shown). Echocardiog-
aphy was performed by obtaining 3 independent 2-dimensional
ransversal-targeted M-mode traces at the level of the papillary muscles
sing a 14.7-MHz transducer on a Sequoia C512 echocardiography
ystem (Siemens, Malvern, Pennsylvania). Using the Siemens propri-
tary software, left ventricular end-diastolic and end-systolic posterior
nd anterior dimensions were measured and processed to calculate left
entricular fractional shortening. Invasive, steady-state hemodynamic
easurements were conducted by closed-chest pressure–volume loop
nalysis using a 1.4-F conductance catheter (Millar Instruments,
ouston, Texas) at week 12. These data were analyzed using PVAN
.4 software (Millar Instruments) and Chart/Scope software (AD
nstruments, Colorado Springs, Colorado).
Mean left ventricular diastolic and systolic volumes were not
ignificantly different between the sham and MI groups at baseline
37.2  2.0 l vs. 39.7  1.8 l in diastole and 11.2  0.6 l vs.
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Figure 2. Micro-CT Findings Correlate Robustly With Established Methods o
(A and B) Volumes derived from micro-CT image analysis correlate well with dimen
catheter (CC) in both systole and diastole. (C) Echocardiography measurements of
vivo functional measurements from micro-CT and echocardiography correlated wel
tions as in Figure 1.1.4  0.8 l in systole, respectively, p  NS). However, these
olumes gradually increased in the MI group, finally reaching a
ean diastolic value of 133.2  21.2 l, compared with 55.4  1.0
l in the sham-operated group at 12 weeks post-operation (p 
.002) (Figs. 1A to 1C). Similarly, left systolic volumes increased to
00.1  19.6 l as compared with 19.9  1.2 l in the sham group
p 0.002) (Fig. 1D). This MI-induced increase in volumes mirrored
unctional failure, with deteriorating left ventricular ejection fraction
rom an initial 70.6  2.5% to 26.2  2.8% after 12 weeks. By
ontrast, left ventricular ejection fraction in the sham group remained
round baseline (68.6  2.6%, p  0.0005) (Fig. 1E).
As shown in Figure 2, volumes measured by micro-CT correlated
ell with dimensions acquired from echocardiography in both diastole
r2 0.73) and systole (r2 0.82). Similarly, volumes derived from the
C-based approach showed a correlative trend with those from the
icro-CT (r2  0.83 in systole and r2  0.81 in diastole). When
olumes and dimensions were processed to calculate functional mea-
urements of ventricular contraction, micro-CT proved to correlate
ell with echocardiography (r2  0.72) (Fig. 2D). These observations
uggest that micro-CT imaging can provide reliable volumetric assess-
ent of cardiac chambers and ventricular function. For detailed
chocardiography, CC, histological results, and representative images,
lease refer to Online Figures 3 to 5.
Over the past decade, cardiac CT has become an important clinical
maging modality for the characterization of cardiac structure and
unction, as well as coronary artery pathology (3,4). However, cardiac
T imaging has long been inapplicable to pre-clinical small-animal
odels due to the high spatial and temporal resolution required to
isualize mouse hearts with rates of over 400 beats/min. Recent
dvances in technology have allowed adaptation of CT imaging to the
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Letters to the Editor 785mall-animal laboratory, adding a valuable asset to the pre-clinical
esearch tool chest. As shown in the present study, micro-CT can
rovide accurate and precise measurements of the murine heart, and
an serve as a useful adjunct to established measurements of cardiac
unction. Further refinements of this emerging technology are ongo-
ng, and we predict that micro-CT scanning will continue to be used
n the small-animal laboratory with increasing frequency.
hmad Y. Sheikh, MD, Koen E. A. van der Bogt, MD, Timothy C.
oyle, PhD, Maryam K. Sheikh, MD, Katherine J. Ransohoff,
iad A. Ali, MD, Owen P. Palmer, MD, Robert C. Robbins, MD,
ichael P. Fischbein, MD, PhD, *Joseph C. Wu, MD, PhD
Department of Medicine, Division of Cardiology, Grant Building
140, Stanford, California 94305-5111. E-mail: joewu@stanford.edu
doi:10.1016/j.jcmg.2010.01.012
his study was funded by National Institutes of Health grants F32-HL-084982
Dr. Sheikh), HL099117 (Dr. Wu), HL089027 (Dr. Wu), HL095571 (Dr. Wu), and
L093172 (Dr. Wu). Drs. Sheikh and van der Bogt contributed equally to this study.
E F E R E N C E S
. Nahrendorf M, Badea C, Hedlund LW, et al. High-resolution imaging
of murine myocardial infarction with delayed-enhancement cine micro-
CT. Am J Physiol Heart Circ Physiol 2007;292:H3172–8.
. Detombe SA, Ford NL, Xiang F, Lu X, Feng Q, Drangova M.
Longitudinal follow-up of cardiac structure and functional changes in an
Figure 1. Comparison of IVUS, Coronary Angioscopy, and OCT Images of th
Although intravenous ultrasonography (IVUS) images of proximal sides were un
demonstrated an echolucent area (*) (C, D). Angioscopic ﬁndings show uncove
intima on the proximal side of the sirolimus-eluting stents (E). Optical coherenc
stents with or without neointima of stent strut and partially well apposed with
to the culprit lesion (F), and well apposed with high-intensity neointima by OC
arrows) white coverage tissue (G, H). OCT images of the same portions show a
microchannels (white arrows) (K, L). See Online Videos 1, 2, 3, and 4.infarct mouse model using retrospectively gated micro-computed
tomography. Invest Radiol 2008;43:520–9.
. Pouleur AC, le Polain de Waroux JB, Kefer J, Pasquet A, Vanoverschelde
JL, Gerber BL. Direct comparison of whole-heart navigator-gated
magnetic resonance coronary angiography and 40- and 64-slice multide-
tector row computed tomography to detect the coronary artery stenosis in
patients scheduled for conventional coronary angiography. Circ Cardio-
vasc Imaging 2008;1:114–21.
. Ruzsics B, Lee H, Powers ER, Flohr TG, Costello P, Schoepf UJ.
Images in cardiovascular medicine. Myocardial ischemia diagnosed by
dual-energy computed tomography: correlation with single-photon emis-
sion computed tomography. Circulation 2008;117:1244–5.
A P P E N D I X
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ngioscopy and OCT in
epeated In-Stent Restenosis
n Saphenous Vein Graft
he morphological characteristics of in-stent restenosis (ISR) that
ccur in multiple layers of stents (stent in stent) are not well
escribed. We used multimodality imaging in a 69-year-old man in
hom repeated episodes of restenosis developed in a 9-year-old
aphenous vein graft (SVG) to the left circumflex artery. He was
nitially treated with a sirolimus-eluting stent (SES) after the first
ulprit Lesion
ered (A) or covered (B) by neointimal hyperplasia (arrowheads), culprit lesions
stent struts with red thrombus (black arrowheads), partially covered by neo-
mography (OCT) image shows malapposed stent strut of sirolimus-eluting
intima (I). Angioscopy shows ﬂesh-colored neointima-like coverage proximal
. Angioscopic ﬁndings of culprit lesions show sharply demarcated (black
h-intensity layer. However, deep tissue is low intensity and contains somee C
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